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We have performed r-process calculations for matter ejected dynamically in neutron star merg-
ers based on a complete set of trajectories from a three-dimensional relativistic smoothed particle
hydrodynamic simulation with a total ejected mass of ∼ 1.7× 10−3 M. Our calculations consider
an extended nuclear network, including spontaneous, β- and neutron-induced fission and adopting
fission yield distributions from the ABLA code. In particular we have studied the sensitivity of
the r-process abundances to nuclear masses by using different models. Most of the trajectories,
corresponding to 90% of the ejected mass, follow a relatively slow expansion allowing for all neu-
trons to be captured. The resulting abundances are very similar to each other and reproduce the
general features of the observed r-process abundance (the second and third peaks, the rare-earth
peak and the lead peak) for all mass models as they are mainly determined by the fission yields.
We find distinct differences in the predictions of the mass models at and just above the third peak,
which can be traced back to different predictions of neutron separation energies for r-process nuclei
around neutron number N = 130. In all simulations, we find that the second peak around A ∼ 130
is produced by the fission yields of the material that piles up in nuclei with A & 250 due to the
substantially longer beta-decay half-lives found in this region. The third peak around A ∼ 195 is
generated in a competition between neutron captures and β decays during r-process freeze-out. The
remaining trajectories, which contribute 10% by mass to the total integrated abundances, follow
such a fast expansion that the r process does not use all the neutrons. This also leads to a larger
variation of abundances among trajectories as fission does not dominate the r-process dynamics.
The resulting abundances are in between those associated to the r and s processes. The total inte-
grated abundances are dominated by contributions from the slow abundances and hence reproduce
the general features of the observed r-process abundances. We find that at timescales of weeks
relevant for kilonova light curve calculations, the abundance of actinides is larger than the one of
lanthanides. This means that actinides can be even more important than lanthanides to determine
the photon opacities under kilonova conditions. Moreover, we confirm that the amount of unused
neutrons may be large enough to give rise to another observational signature powered by their decay.
PACS numbers: 26.30.Hj, 26.50.+x, 97.60.Jd
I. INTRODUCTION
The astrophysical r process produces about half of the
heavy elements in the Universe, including all of the ac-
tinides [1, 2]. It is commonly accepted that it occurs as
a sequence of neutron captures and β decays in environ-
ments with extreme neutron densities. Under such con-
ditions neutron captures are much faster than β decays
and the r-process path runs through nuclei with large
neutron excess far off stability [3, 4].
The actual astrophysical site of the r process is yet
not known. For many years the neutrino-driven wind
from the surface of a freshly born neutron star in a core-
collapse supernova has been the favored site [5]. How-
ever, recent supernova simulations with improved nu-
clear input, realistic neutrino transport and advanced
multi-dimensional treatment of hydrodynamics [6] indi-
cate that the conditions of the matter ejected in the wind
(entropy, expansion velocity, proton-to-neutron ratio) are
not suited to support an r process which produces the el-
ements in the third peak (around mass number A ∼ 195)
and beyond. However, the neutrino-driven wind might
significantly contribute to the abundance of the lighter
elements up to the second peak (A ∼ 130) [7–9]. The
shortfall of the neutrino-driven wind model to produce
the heavier r-process elements has revived the interest in
another potential site, the merger of two neutron stars
(NS merger) [10, 11].
Simulations of NS mergers indicate that the matter
ejected during the dynamical phase is very neutron rich
with extremely large neutron-to-seed ratios (Rn/s >
400) [12–14]; i.e. there are many neutrons which can
be captured by seed nuclei transporting matter to very
heavy nuclei in the region of the nuclear chart where de-
cay by fission is possible. The intermediate-mass fission
yields are then subject to neutron captures establishing
the occurrence of a few fission cycles, which are expected
to produce the heavier r-process elements in a rather ro-
bust way with nearly relative solar abundances. We note
that such a robust scenario is quite attractive as it might
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2explain the occurrence of r-process elements above the
second peak in solar proportion as observed in very old
metal-poor stars [15]. Recent simulations suggest that
the electron fraction of part of the ejecta may be raised
by neutrino processes [16–18]. However, the sensitivity
of these results to the treatment of neutrino radiation
transport in NS mergers simulations remains to be ex-
plored. In this study, we work under the assumption
that all ejecta remain neutron rich.
An additional source of ejected material with relevance
for r-process nucleosynthesis comes from the accretion
disk formed around the compact object resulting from the
merger. However, the conditions in these ejecta are more
sensitive to the details of the astrophysical parameters
and microphysics included [19–22]. Here we will consider
only the initial dynamical ejecta.
To serve as the site for the production of heavy r-
process elements and to explain the observation of the
elemental abundances in solar proportion in metal-poor
stars, the r process in NS mergers should not depend
on particular astrophysical conditions, e.g. on the spe-
cific combination of NS masses in the merging binary
system. It is unsatisfactory for r-process abundance sim-
ulations that most nuclei encountered during the process
have yet not been produced in the laboratory and hence
their properties depend on nuclear models and are yet
quite uncertain.
The sensitivity of r-process nucleosynthesis in dynam-
ical ejecta of NS mergers to the astrophysical conditions,
i.e. neutron star masses, orbit parameters, has been stud-
ied in [12–14, 17]. Korobkin et al. have performed r-
process simulations for a set of NS mergers consisting
of various combinations of neutron stars in the relevant
mass range between 1 and 2 M [13], while Bauswein
et al. have explored the influence of various equations
of state on the merger dynamics and nucleosynthesis [14]
(see also ref. [17]). It turns out that the specific treatment
of the merger dynamics, e.g. Newtonian vs General Rela-
tivistic mechanics, leads to fundamentally different mass
ejection dynamics [13, 14]. Importantly for our discussion
both groups find, within their treatment, nearly identi-
cal abundance distributions between the second and third
peaks for all of the 23 combinations of neutron stars [13]
or the various adopted equations of state [14], pointing to
virtually no sensitivity of the relative abundance of heavy
elements on the astrophysical conditions of the mergers.
However, both groups also found strong sensitivity of the
abundances to the treatment of fission. Indeed, the calcu-
lations of [13] show an abundance hole around A ∼ 140,
relative to solar, while in the study of ref. [14] the second
peak is noticeably shifted to larger mass numbers. Both
effects are related to the treatment of fission adopted in
the respective simulations.
This dependence on fission as well as the effect of half
lives and neutron separation energies (masses) on the r-
process abundances in NS merger simulations has been
the focus of three simultaneous and independent stud-
ies. Eichler et al. have confirmed the strong sensitiv-
ity on the fission yield distribution [23]. However, they
succeeded to show that fission yields derived with the
ablation-abrasion model code ABLA [24, 25], which is
based on the statistical model, cured the shortcomings
in the abundance distribution above the second peak.
The ABLA code is adjusted to reproduce fission data
and considers the evaporation of free neutrons before
and after the fission process. However, these neutrons
as well as those which are produced by the decay of the
fission fragments can be captured by nuclei after freeze-
out resulting in a slight shift of the third peak to heavier
mass numbers than is observed in the solar abundances.
Eichler et al. [23] argue that such a shift can be avoided
by faster β decays than those predicted by the Finite
Range Droplet Model (FRDM) model which has been
adopted in their study. In an independent study Ca-
ballero et al. come to the same conclusion [26] when
they compare results of NS merger r-process simulations
performed with the half lives based on the FRDM model
with those obtained by replacing these half lives with
faster values derived by QRPA calculations on top of the
energy density functional (EDF) of Fayans [27]. Impor-
tantly, these faster EDF-based half lives agree well with
recent experimental data obtained for nuclei close and
on the r-process path, including data for neutron-rich
nuclei towards the N = 126 waiting points [28]. Here,
the EDF-based half-lives, in close agreement with recent
large-scale shell model calculations [29, 30], point to the
importance of forbidden transitions to the β decays.
In this manuscript, we study the effect of nuclear
masses and neutron capture rates on the r process in NS
mergers. Masses are particularly important as they, via
the neutron separation energies, define the r-process path
in the nuclear chart and secondly they are crucial ingre-
dients in the statistical model calculation of neutron cap-
ture cross sections. In the following we will derive neu-
tron separation energies as well as neutron capture cross
sections consistently from the same mass models. Fur-
thermore photodissociation cross sections are obtained
by detailed balance from the capture cross sections. As
the masses of the extremely neutron-rich nuclei on the r-
process path are not known experimentally, they have to
be modeled. For many years, masses derived on the ba-
sis of the Finite Range Droplet Model (FRDM) [31] and
the ETFSI model (Extended Thomas Fermi Model with
Strutinski Integral [32]) have been a standard in r-process
simulations. Recently Wang and Liu developed an alter-
native microscopic-macroscopic mass model (Weizsa¨cker-
Skyrme or WS3 model [33]), which employs a Skyrme
energy density formula as a macroscopic basis, which is
then microscopically supplemented by shell corrections.
Guided by intuition derived from the interacting shell
model, Duflo and Zuker developed a mass formula based
on a systematic description of occupation numbers and
taking special care of the role of intruder states [34]. In
this work we will use the Duflo-Zuker mass formula with
31 parameters (DZ31). Finally advances in computing
resources make it now possible to derive mass formulas
3on the basis of microscopic nuclear many-body models,
like the Hartree-Fock-Bogoliubov (HFB) model. In a se-
quence of continuous improvements of the Skyrme func-
tional, which is the basis of their model, Goriely and col-
laborators have succeeded to obtain an HFB mass model
which is comparative to the phenomenological models,
like FRDM and ETFSI, and can be globally applied in
r-process simulations [35]. In our calculations, we will
use the model HFB21 [36].
The sensitivity of the r-process abundances in NS
mergers to variations of nuclear masses has, so far, been
insufficiently explored. There are calculations in the lit-
erature based on different mass models but it is often
difficult to compare the results due to a combination of
factors including rather different assumptions about the
astrophysical conditions, different approaches for the cal-
culation of the relevant neutron capture rates, and/or
the use of very different fission yield distributions. In
this work, we aim at exploring how robust the r-process
abundances are against variations of the nuclear masses
keeping the astrophysical conditions unchanged. We use
four different mass models (FRDM, WS3, DZ31, HFB21)
for the calculation of the neutron capture rates that en-
ter in the r-process simulations. Furthermore, we aim
at determining the nuclear origin of the robust r-process
pattern observed in several neutron star merger simula-
tions. It is often stated that NS mergers produce a robust
r process due to fission cycling. However, this statement
simply expresses the fact that fission cycling is unavoid-
able due to the large neutron-to-seed ratios reached in
NS merger ejecta without really explaining the nuclear
mechanism responsible for the robustness.
We have used the full set of trajectories based on a 3-
dimensional relativistic simulation of the merger of two
neutron stars with 1.35 M, which is expected to be the
most frequent NS merger system. Although these tra-
jectories cover a broad range of dynamical parameters,
including a large variation in neutron-to-seed values, we
will argue that they can be best classified into two cat-
egories with respect to their final nucleosynthesis abun-
dance yields: i) For the majority of trajectories neutrons
are nearly completely depleted at the end of r-process nu-
cleosynthesis, producing significant abundances of heavy
nuclei in the fissioning region, which, in turn, produce the
A ∼ 130 peak in the r-process abundance distribution by
their decay yields. The resulting r-process abundances
show quite similar patterns. ii) Around 10%, in mass,
of the trajectories follow a very fast expansion. The as-
sociated low matter densities result in the fact that not
all neutrons have been captured at the end of the r pro-
cess [20, 37]. In this scenario the abundance of heavy
nuclei in the fissioning region is rather low and the sec-
ond r-process peak (A ∼ 130) is a consequence of stalled
matter flow due to the relatively long half-lives of nuclei
in the vicinity of the magic neutron number N = 82. In
this scenario the final r-process abundance distribution
is rather sensitive to nuclear structure effects.
We stress that our results should not be considered
as a prediction of the typical r-process yields from NS
mergers to be used in chemical evolution studies. This
will require a complete set of trajectories for both the
dynamical and disk ejecta as done in ref. [20].
Our paper is organized as follows. In the next section
we give a brief description of our r-process simulations
and the input being used. The results of our simulations
for the r-process abundances and their dependence on
the adopted mass models are presented and discussed in
section III. Finally, we conclude in section IV.
II. NS MERGER TRAJECTORIES AND
NUCLEAR INPUT
The r-process calculations in this work are based on
fluid element trajectories that were extracted from hy-
drodynamical simulations of NS mergers to represent
the conditions of matter becoming unbound from such
events. The merger simulations were performed with a
three-dimensional relativistic smoothed particle hydro-
dynamics code [14, 38–40], which imposes conformal flat-
ness on the spatial three-metric to solve the Einstein
equations in an approximate manner [41, 42]. The cal-
culations started from initial data representing close bi-
nary systems in quasi-equilibrium a few orbits before
merging. Initially the NS matter was in neutrino-less
beta-equilibrium at zero temperature. The initial elec-
tron fraction was advected with the fluid during the hy-
drodynamical simulations without taking into account
neutrino processes. This simplification was a reasonably
good approximation in Newtonian models (e.g. [43]), but
the impact of neutrinos in relativistic merger models re-
quires further investigation [16–18]. NS matter is mod-
elled with the TM1 EoS [44–46], which leads to a NS
radius of 14.49 km for a 1.35 M NS and a maximum
gravitational mass of 2.21 M for non-rotating NSs.
In this work we focused on a binary system of two
NSs with gravitational masses of 1.35 M, which may be
representative for the observed double NS systems (see
e.g. [47] for a compilation of measured binary NS masses).
In the simulation we found most unbound matter origi-
nating from the contact interface during the coalescence
(see [14] for a detailed description of the merger dynam-
ics and ejection mechanism). Originating from the inner
NS crust these ejecta are very neutron-rich. The time-
step limitations of the NS simulations allowed to follow
the ejecta only up to t = t0 ∼ several 10 milliseconds.
Hence, we have analytically continued the trajectories
for t > t0 by evolving the density assuming a homolo-
gous expansion, i.e. ρ(t) = ρ(t0) (t0/t)
3
.
We have calculated the r-process abundances for 528
trajectories with a total mass of ∼ 1.70×10−3 M. As we
will show below, the r-process nucleosynthesis dynamics
and its final abundance distribution implies to classify
the trajectories with respect to two competing rates: the
depletion rate due to neutron captures on seed nuclei and
the hydrodynamic expansion rate. The neutron depletion
4rate λn can be approximated by
λn =
d(lnYn)
dt
≈ ρYs
mu
〈σv〉 = ρYn
muRn/s
〈σv〉, (1)
where Yn(s) is the number fraction of neutrons (seed nu-
clei) and 〈σv〉 is the neutron capture rate averaged over
the seed nuclei. The hydrodynamic expansion rate for
homologous expansion can be calculated by
λd = −d(ln ρ)
dt
=
3
t
. (2)
For most of the ejecta (484 trajectories with a total
mass of ∼ 1.57 × 10−3 M), nearly all initial neutrons
can be captured as λn & λd until the end of the r process
at ∼ 1 s. This implies that the density should be larger
than a threshold value to allow for the complete capture
of neutrons: ρth ≈ 0.5 g cm−3 at t ∼ 1 s for typical val-
ues of Yn ∼ 1, 〈σv〉 ∼ 10−20 cm3 s−1, and Rn/s ∼ 103.
We will call these trajectories “slow ejecta” in the follow-
ing. They are labelled by grey curves in Fig. 1. On the
other hand, about ∼ 10% of the ejecta (44 trajectories,
∼ 1.28 × 10−4 M) initially expand extremely fast for
a few ms reaching density values lower than the thresh-
old discussed above. This results in a neutron depletion
rate smaller than the hydrodynamic expansion rate. As a
consequence free neutrons are left at the end of the r pro-
cess, which may potentially influence the observed light
curves of the ejecta due to the decay of neutrons [37]. In
the following we will call these trajectories “fast ejecta”.
They are labelled by brown curves in Fig. 1.
We have started our r-process calculations at tem-
peratures of T = 6 GK, with densities ranging from
ρ ∼ 107 g cm−3 to ∼ 3×1013 g cm−3. The initial matter
compositions have been determined assuming the matter
to be in Nuclear Statistical Equilibrium (NSE). The ini-
tial neutron-to-seed ratios (Rn/s) of those ejecta range
from 400 to 2000.
While the details of the initial composition depend on
the conditions of the trajectories and on the mass mod-
els used, we can generally observe that they are given by
neutron-rich nuclei centered around magic neutron num-
bers N = 50 and N = 82, while proton numbers in the
iron-nickel range are favored in the first case and around
strontium-zirconium in the second. The relative weight
of these two composition peaks depends on entropy, fa-
voring the peak around mass number A ∼ 120 relative
to the one around A ∼ 80 with decreasing entropy.
Starting from these initial compositions we have fol-
lowed the r-process evolution by a large network. The
dynamics of the process was governed by the astrophys-
ical trajectories, however, consistently corrected for re-
heating by energy release in nuclear reactions, as we de-
scribe below. Our network includes more than 7300 nu-
clei which cover the nuclear chart from free nucleons up to
313Ds. As nuclear reactions among these nuclei we con-
sidered charge particle reactions, neutron captures and
its inverse process, photo-dissociation, and β and α de-
cay and fission. We have derived the neutron capture
rates consistently for each individual mass model within
the statistical model using the code MOD-Smoker [48].
The photodissociation rates were obtained from the neu-
tron capture rates by detailed balance. For nuclei, for
which the half lives are not known experimentally, we
have adopted the β decay (and β delayed neutron emis-
sion) rates from the compilation of Mo¨ller et al. [49],
which was derived from QRPA calculations on top of
the FRDM mass model. We used the parametrization
of Ref. [50] of the Viola-Seaborg formula to estimate the
α-decay rates, which become relevant for heavy nuclei
beyond lead. Finally, for nuclei with Z > 83, where
a competition between (n, γ) and neutron induced fis-
sion can take place, we used neutron-induced reaction
rates taken from [51] that are based on the FRDM mass
model [31] and the Thomas-Fermi fission barriers of My-
ers and Swiatecki [52]. Rates for β delayed and sponta-
neous fission were adopted from [53]. Our fission yields
were taken from the calculations of Ref. [54] which were
derived using the code ABLA. This approach also gives
a consistent estimate for the number of neutrons set free
during the fission process.
Nuclear reactions change the energy balance of the en-
vironment. We take this into account following refs. [11]
by calculating, at any time of the evolution, the change
in abundances in the various nuclei by solving the nu-
clear network. The related energy release is mainly con-
nected to β decays where we assume that half of the
energy set free in the process is carried away by the neu-
trino [55, 56]. In the next step, the energy release can
be translated into a change of entropy, from which we
calculated a new temperature using the equation of state
of Ref. [57] which considers nucleons, nuclei, electrons,
positrons and photons.
III. RESULTS
A. Time evolution and energy generation
We have started our r-process simulations for all tra-
jectories at temperatures T = 6 GK assuming an initial
NSE composition. As a striking feature, we note the very
large neutron-to-seed ratios (Rn/s ≈ 400 − 2000) which
is a prerequisite of r-process nucleosynthesis for nuclides
beyond the third peak reaching the region in the nuclear
chart where nuclei decay by fission. Furthermore, due to
the extremely high neutron densities involved, the path
of the r process in NS mergers runs through nuclei close
to the dripline. For these nuclei, with their large Q val-
ues, β decays are fast (order ms or faster).
Before we study the nucleosynthesis results of our sim-
ulations we like to make some important remarks con-
cerning the heating of the astrophysical medium by nu-
clear reactions, mainly by β decays. In Fig. 1 we show
the evolution of density, temperature and the energy re-
lease due to nuclear reactions for all trajectories and the
different mass models considered.
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FIG. 1. (Color online) Evolution of the different thermodynamical variables for all trajectories for different mass models. The
gray (brown) curves correspond to the “slow (fast) ejecta” (see text for the definition). The upper panels show the evolution
of density that is identical for all cases. The middle panel shows the evolution of temperature that considers the feedback due
to the energy generation shown in the lower panel.
The density and temperature profiles of the trajecto-
ries are shown in Fig. 1. The temperature evolution of the
trajectories shows some characteristic pattern which we
will discuss in the following. For most of the trajectories,
the temperature initially drops to a minimum in the first
few tens of ms and later rises to a maximum during the
r process. This behavior can be understood from basic
thermodynamics. From the first law of thermodynamics
the energy per nucleon released by nuclear reactions, q˙,
is related to the change of the energy per nucleon, ε and
nucleon density, n = ρ/mu (mu the atomic mass unit),
as:
q˙ =
dε
dt
− P
n2
dn
dt
= cV
dT
dt
+
(
dε
dn
− P
n2
)
dn
dt
. (3)
where cV = dε/dT is the specific heat per nucleon at
constant volume. The evolution of temperature reduces
to:
dT
dt
=
1
cV
[
q˙ − 1
τn
(
P
n
− n dε
dn
)]
(4)
where we have introduced the expansion timescale τn =
1/λd. At early times when material expands from
high densities, the expansion time scale is rather small
τn ≈ 1 ms and the second term in the bracket dominates
and consequently the temperature decreases as the mate-
rial expands. However, as the expansion proceeds and the
temperature decreases there will be a moment at which
both terms on the right hand side become of the same
magnitude. This will correspond to a minimum in the
temperature that can be estimated assuming an equa-
tion of state dominated by nuclei (Boltzmann ideal gas)
and radiation (photons). In this case, we have
ε =
3
2
kT
A
+
aT 4
n
(5a)
P =
nkT
A
+
1
3
aT 4 (5b)
At initial times the average mass number A is about 1,
and it grows as the r process proceeds. Substituting in
equation (4) we have:
dT
dt
=
1
cV
[
q˙ − 1
τn
(
4aT 4
3n
+
kT
A
)]
(6)
The minimum of temperature is reached when the right
hand side of the above equation is zero. Initially, when
the density is relatively high, the second term in the inner
parentheses dominates and we have:
Tmin = 0.05 GK
(
q˙
4 MeV s−1
)(
τn
1 ms
)(
A
1
)
(7)
6for the minimal temperature assuming typical values for
the other quantities. We see that the minimum temper-
ature is proportional to the expansion timescale. This
fact can be understood by noticing that during the ex-
pansion the energy generation can only contribute effi-
ciently to increase the temperature during a period of
time τn. Once the minimum value is reached the temper-
ature starts to rise favored by the fact that the timescale
for the expansion grows. However, as the temperature
increases and the density decreases the first term in the
inner brackets of equation (6) increases. A maximum
in temperature is reached once the equation of state be-
comes dominated by radiation corresponding to a tem-
perature of
Tmax =
(
3nq˙τn
4a
)1/4
(8)
=0.8 GK
[(
ρ
105 g cm−3
)(
q˙
4 MeV s−1
)(
τn
10 ms
)]1/4
,
where we have used typical values for the density, en-
ergy generation and expansion timescale. The above dis-
cussion clearly shows that the behavior of temperature
is determined by basic thermodynamics and it is driven
by the fact that at high densities the EoS is dominated
by the ideal gas component while at low densities radi-
ation dominates. The dominance of radiation implies a
rather large specific heat cV ≈ 4aT 3/n that reduces the
efficiency at which the energy generation can contribute
to temperature increase. This means that the maxima
in temperature is rather flat as observed in the simula-
tions and depends on the expansion timescale at times
0.1 s . t . 1 s.
For some trajectories matter is being heated by the
shock to temperatures T & 6 GK at rather low densities
ρ ∼ 108 g cm−3. For these cases, radiation quickly dom-
inates the contribution to the total energy such that the
temperature directly approaches Tmax (as a saddle point)
without exhibiting a minimum.
We like to stress that, for a given trajectory and inde-
pendent of the early phase of the temperature evolution,
the temperature during the r process is rather determined
by the density and the expansion time-scale, as can be
seen from Eq. (8). We have confirmed this in our calcula-
tions by varying the initial temperature for the r-process
simulations between 3 GK and 10 GK. We find that
the early temperature evolution depends on the initial
conditions. However, in the later evolution, which is cru-
cial for r-process nucleosynthesis, the temperature pro-
files converge to rather similar conditions caused by the
balance of nuclear heating and radiation dominance. One
can say that the material loses the memory of the par-
ticular thermodynamical conditions when it was ejected.
This aspect together with the large neutron-to-seed ra-
tio, which makes the nucleosynthesis insensitive to the
initial composition, is fundamental to achieve a robust
r-process pattern in dynamical ejecta
After the r-process comes to an end with matter decay-
ing back to stability (this occurs after ∼ 1-2 s for the slow
ejecta and . 10 s for the fast ejecta), the energy release
due to nuclear reactions drops and the temperature fol-
lows an adiabatic expansion that for the radiation dom-
inated conditions implies T ∼ ρ1/3. It is important to
note that the temperature of nearly 109 K, which may be
achieved during most of the r process due to nuclear re-
heating, is sufficient to establish an (n, γ) (γ, n) equi-
librium for a significant part of the trajectories, shown in
Figure 1.
The energy release shows quite distinct peak structures
as function of time. These differences are substantial as
a function of mass model. However, they lead to only
minor differences in the evolution of temperature as dis-
cussed above. The peaks are related to matter being ac-
cumulated and then breaking through the r-process wait-
ing points at the magic neutron numbers, where fission
cycling, which we will quantify below, induces repetitions
of these processes.
B. Evolution of the r-process abundances for the
slow ejecta
We have studied r-process nucleosynthesis for the set
of 528 NS merger trajectories and for 4 different mass
models. The calculated r-process abundances show quite
similar general patterns for all mass models. In this
subsection, we discuss the special features of r-process
nucleosynthesis of the so-called slow ejecta. The next
subsection then deals with r-process nucleosynthesis for
the fast-evolving ejecta. For the slow ejecta we show
the abundances at 3 different phases of the evolution:
a) at freeze out, which we define as the moment where
Rn/s = 1, b) the moment when the average timescale
for β decays becomes equal to the average timescale for
neutron captures, c) the final abundance, calculated at a
time of 1 Gyr.
Comparing the abundances at these 3 different phases
for the slow ejecta (shown in Fig. 2) we observe the fol-
lowing important features. At freeze-out, the abundances
show a strong odd-even staggering which is washed out
subsequently by continuing neutron captures and β de-
cays towards stability. The magnitude of the stagger-
ing is much larger for those trajectories that achieve an
(n, γ)  (γ, n) equilibrium, light gray lines, compared
with those which follow cold r-process conditions, dark
gray lines. Strikingly, there is no abundance peak at
A ∼ 130, in contrast to the third peak at A ∼ 195 (the
narrow peak at around 136 is seen only in FRDM and will
be discussed below). The matter flow through the second
peak is faster than through the third peak. The origin of
this difference is that even at the same neutron separa-
tion energy, Qβ values are larger at the N = 82 nuclei on
the r-process path than for the N = 126 nuclei making
the respective half-lives significantly shorter. The second
abundance peak is produced mainly by fission yields from
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FIG. 2. (Color online) R-process abundances of the slow ejecta for different mass models at different phases of the evolution.
The upper panels show the abundances at Rn/s = 1. The middle panel at the time where the average timescales for beta-decay
and neutron captures become identical. The lower panel shows the abundances at 1 Gyr when most of the material has already
decayed to the stability.
8heavy nuclei around A ∼ 280 associated with the magic
neutron number N = 184. At freeze-out, however, there
is still a sufficient reservoir of free neutrons from fission
and subsequent β decay and photodissociation to support
further neutron captures, also on nuclei around A ∼ 130.
These neutron captures (note that τβ > τ(n,γ) at freeze
out) shape the abundances after freeze out significantly
as can be seen when comparing the upper and middle
panels in Fig. 2. Importantly, we observe that the sec-
ond peak now forms (as transport from the fission yields
to heavier nuclei by neutron captures is reduced). Fur-
thermore, the strong abundance hole just above A ∼ 195
is filling up due to decays of heavier nuclei (mainly α de-
cays of nuclei between lead and thorium). At the time
of 1 Gyr, final abundances for mass numbers A > 120
are virtually identical, for a given mass model, for all
slow ejecta as shown in the bottom panels. This points
to an extremely robust mechanism in shaping the final
abundance pattern nearly independent of the initial large
variation of the astrophysical condition which will be fur-
ther discussed in III D. Below in this subsection, we will
focus on the detailed discussion of the nuclear physics
properties that give rise to the variation seen in different
nuclear mass models.
At freeze-out the nuclei with largest abundances in the
transuranium region are located around A ∼ 280 corre-
sponding to theN = 184 shell closure. The lightest nuclei
for which neutron separation energies are large enough
to allow matter flow beyond N = 184 is 279Am. How-
ever, for this nucleus the fission barrier is so low that
neutron-induced fission on 278Am dominates over neu-
tron capture and the r-process cycles to medium mass
nuclei rather than producing heavier nuclei. Correspond-
ingly, the nucleus with maximum mass produced in our
calculations is 278Pu that decays by beta-emission sub-
sequently followed by neutron-induced fission on 278Am.
The corresponding fragment distributions as a function
of mass, charge and neutron number are shown in fig-
ure 3, indicating that one of the fragments contributes
to the second peak r-process abundances while the other
is produced around A ∼ 140. Subsequent neutron cap-
tures and beta-decays distribute the contribution of this
second fragment to higher masses.
Fission is also an important source of free neutrons.
The total number of neutrons produced can be divided
into two components. A prompt component that con-
sists of the neutrons evaporated mainly by the highly ex-
cited fragments. For neutron-induced fission on 278Am,
ABLA predicts a prompt emission of 7 neutrons. In ad-
dition to the prompt neutron emission, there is a de-
layed component that occurs during the decay of the
fragments to the instantaneous r-process path. This de-
layed component depends on the location of the frag-
ments relative to the r-process path and the dominat-
ing reaction mechanism (beta-decay or photodissocia-
tion). Both the r-process path and the reaction mecha-
nism sensitively depend on the astrophysical conditions,
particularly on the temperature. If the temperature is
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FIG. 3. (Color online) Fission fragment distributions as func-
tions of charge, neutron number, and mass number for neu-
tron induced fission on 278Am as predicted by the ABLA code.
large enough, photodissiociation is the dominating reac-
tion mechanism. Under these conditions the number of
free neutrons produced is fully determined knowing the
charges Z1 and Z2 of the produced fragments and is given
by nprod = Af −Apath(Z1)−Apath(Z2), where Af is the
mass number of the fissioning nucleus and Apath(Z) is
the mass number of the nucleus with charge Z on the in-
stantaneous r-process path. This means that for the as-
sumed astrophysical conditions, the total number of free
neutrons is completely determined by the charge frag-
ment distribution of the fission process. While photodis-
sociation is the dominating reaction mechanism at suffi-
9ciently high temperatures, beta-delayed neutron emission
becomes increasingly important with decreasing temper-
ature. In this case, the total number of neutrons pro-
duced will depend on the prompt component predicted
by the fission model and the chain of beta-decays oc-
curring during the decay to the instantaneous r-process
path.
Once neutron captures are slower than β decays, mat-
ter decays to stability. In particular, the significant
amount of matter above lead, still existing in the middle
panels of figure 2, decays to finally form the lead peak. At
1 Gyr only the long-lived thorium and uranium isotopes
survive. When comparing the time evolution of the third
peak (from the upper to the middle to the lower panel of
figure 2) one clearly notices a shift of the third peak to
slightly larger mass numbers in the FRDM mass model.
This is caused by neutron captures after freeze-out and
confirms the findings reported in [23]. Looking at the
final abundances computed for the mass models used in
the present study (see Fig. 6) we observe that the shift
in the third r-process peak is present in the FRDM and
HFB21 mass model but absent in the WS3 and DZ31
mass models. To understand the reason for this behav-
ior it is important to qualitatively quantify which regions
of the nuclear chart are expected to be more relevant for
the evolution of the r process under very general assump-
tions.
The r process operates along a path of almost con-
stant neutron separation energy. The speed at which
the r process proceeds from lighter nuclei to heavier nu-
clei depends on the beta-decay half-lives. Due to the in-
crease in Coulomb energy the valley of stability moves to
more neutron rich nuclei with increasing charge number.
This means that for a line of constant neutron separation
energy the beta-decay Q-values reduce with increasing
charge. As a consequence, the beta-decay half-lives of r-
process nuclei increase with increasing mass number. On
top of this global behavior, there are local effects induced
by the presence of neutron shell closures. In particular,
at neutron magic numbers N = 82 and N = 126 the
r process moves closer to stability to nuclei with longer
beta-decay half-lives. In the r-process path nuclei with
N & 82 and N & 126 have the longest half-lives. At
freeze-out, it corresponds to charge numbers Z ≈ 48 and
Z ≈ 70, respectively. The predicted half-lives of these nu-
clei [29] are of the order of 100 ms which is not much less
than the total duration of the r process, namely around
1 s. Changing the time the r process expends in this
long-lived nuclei affects the whole dynamics of the r pro-
cess and consequently impacts the r-process abundances.
This timescale can be affected by modifications of in-
dividual beta-decay half-lives that so far are based on
relatively uncertain theoretical approaches [49, 58]. Al-
ternatively, the effective r-process timescale in the region
can change if the r-process path changes due to modifi-
cations of the underlying mass model. This is the aspect
explored in this work.
Different mass models differ substantially in their pre-
dictions in regions where there is a sudden change in the
intrinsic deformation [59]. This is particularly the case
around N ∼ 90 and N ∼ 130 where all mass models used
in the present work predict a transition from spherical to
deformed configurations. The particular relevance for the
r process is the fact that this transition can be associated
with a sudden drop in the neutron separations energies.
This is the case for the FRDM mass model as was al-
ready pointed out in Ref. [60] for the Tellurium isotopes
reaching 139Te. Recent mass measurements for Tellurium
isotopes [61, 62] have ruled out this sudden drop in neu-
tron separation energies. However, at present there is no
data for lighter isotopes in the region where FRDM also
predicts very low neutron separation energies [59]. None
of the other models used in the present study show such
a drastic reduction in neutron separation energies around
N = 90. The most noticeable consequence is the pres-
ence of a narrow peak around A ∼ 136 at freeze-out (see
upper panel for FRDM mass model in Fig. 2). Due to
the accumulation of material in this region, the r process
lasts slightly longer using the FRDM mass model when
compared with the other models (see Fig. 1 where the
end of the r process is associated to the drop in the heat-
ing rate). The peak becomes washed out at later times
due to continuous production of material in this region by
fission. However, neutron captures on the fission yields
are responsible for a flow of matter from the second r-
process peak to heavier nuclei. This flow operates in all
used mass models except in FRDM due to the fact that
material is halted at N ∼ 90.
The situation at the third peak is different as the fis-
sion yields adopted here do not directly produce material
in this region. The third peak abundance is noticeably
more sensitive to nuclear masses that influence the neu-
tron capture rates. It is not surprising that the abun-
dances of this peak show a larger variation. However, for
two of the mass models (FRDM, HFB21) the peak width
is noticeably narrower than observed, the peak height is
overestimated, the position shifted slightly to larger mass
numbers and an abundance trough is predicted just above
the peak. This is related to different behavior of these two
models at the neutron number N = 130, just above the
magic number N = 126. The FRDM and HFB21 mass
models predict noticeably smaller neutron separation en-
ergies than the Duflo-Zuker or the WS3 models in this
mass range. For example the nuclei 199Yb, 198Tm and
197Er (all with N = 129) have neutron separation ener-
gies of Sn = 0.52 (0.85) MeV, 0.62 (0.73) MeV, and 0.26
(0.56) MeV, in the FRDM (HFB21) mass models [63],
respectively, while they are 1.387 (1.463) MeV, 1.479
(1.528) MeV, and 0.908 (0.864) MeV for the same nu-
clei in the DZ31 (WS3) models. Thus these nuclei act as
(additional) obstacles in r-process simulations using the
FRDM and HFB21 mass models, even if the mass flow
has overcome the N = 126 waiting points. As a result,
the third peak in the abundance distribution is shifted
for these two mass models to higher mass numbers as
can be seen in Fig. 2 caused mainly by late-time neutron
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captures. Due to the larger neutron separation energies,
the N = 130 nuclei do not act as obstacles in simulations
adopting the Duflo-Zuker or WS3 mass models. Relat-
edly the third peak develops at A ∼ 195, associated with
the N = 126 waiting points.
C. Evolution of the r-process abundances for fast
ejecta
The characteristic of these trajectories is the very fast
initial expansion which results in an r process operating
at much lower densities than encountered for the ‘slow
ejecta’. These low densities translate into a slow neutron
depletion rate, with the important consequence, that a
significant amount of neutrons remain at the end of the
r process. (These neutrons will subsequently decay con-
tributing to the late-time r-process heating as discussed
below in Sec. III E.) Hence, we define the freeze-out for
the fast ejecta at the moment when τ(n,γ) = τβ rather
than by Rn/s = 1, as done for the slow ejecta. Due to
the initially large neutron-to-seed ratios, all trajectories
with fast expansion undergo 1-3 fission cycles.
In Fig. 4 we show r-process abundances obtained for
the fast ejecta at three different phases of the evolution
and for the 4 different mass models. The top panel, for
each mass model, shows the abundances before the “last”
fission cycle, when the average mass number 〈A〉 reaches
the final maximum. The middle panel exhibits the abun-
dances for τ(n,γ) = τβ and the lower panel shows the fi-
nal r-process abundances at 1 Gyr. Due to the slower
neutron capture rates, the r-process path for the fast
ejecta runs noticeably closer to the region of stability;
i.e. through less neutron-rich nuclei, than for the slow
ejecta. This has several consequences. First, the posi-
tion of third r-process peak, related to nuclei with magic
neutron number N = 126, is shifted to larger mass num-
bers around A ∼ 200. This can be seen by comparing the
r-process abundances, obtained for the fast ejecta, at the
times before the “last” fission cycle (top panels of Fig. 4),
with those for the slow ejecta at freeze-out, exhibited in
Fig. 2. Second, under the conditions of fast expansion,
and slow neutron captures, the nuclei with magic neu-
tron numbers N = 82 are a noticeable obstacle for the
mass flow towards heavier nuclei. In particular, matter
accumulates, already before the last fission cycle, at the
double-magic nucleus 132Sn which has a relatively long
beta-decay half-life of ≈ 37 s, producing a pronounced
peak. Third, neutron captures are too inefficient to re-
plenish the region of A ∼ 280 prior to the last fission cycle
for most of the trajectories. As a consequence, the sub-
sequent decay of these heavy nuclei by fission contributes
only rather modestly to the r-process abundances around
the second peak at A ∼ 130, as can be seen in the lower
panels of Fig. 4. However, the decay of matter beyond
the third peak, after freeze-out, fills up the abundances
around lead.
In contrast to the slow ejecta, the fast ejecta exhibit
a large spread in the final abundances observed between
the different trajectories. This points to a very strong
sensitivity to details of the astrophysical conditions and
to the nuclear properties, if neutron captures are slow
during the r process. In fact, the fast ejecta, encountered
in our NS merger scenario, resemble a nucleosynthesis
process somewhat between r process and s process, pro-
ducing abundance peak structures shifted noticeable to
larger mass numbers than observed in the solar r-process
abundance distribution.
D. Robust r-process abundances
Fig. 5 shows the final abundances at times of 1 Gyr for
all individual NS merger trajectories and for all the mass
models. Additionally, the figure exhibits mass-averaged
abundances for all trajectories (red curves), for the slow
trajectories (green curves), and for the fast ejecta (blue
curves), respectively. To better visualize the contribu-
tion of slow and fast ejecta to the total ejected mass we
have multiplied the slow and fast trajectories and their
averages by the fractional contribution of each ejecta, i.e.
∼ 0.9 for the slow and ∼ 0.1 for the fast ejecta
As already stressed above, the most striking feature of
our calculations is the fact that the final abundances for
mass numbers A > 120 are virtually identical, for a given
mass model, for all the slow ejecta, while they vary no-
ticeably for the fast ejecta. Furthermore, the total mass-
averaged abundances show the same pattern as those for
the slow ejecta, as these constitute the dominating part
of the ejected mass. We hence conclude that dynamical
ejecta of NS mergers show a robust r-process pattern, as
already concluded in refs. [12–14], provided that Ye in
the ejecta remains low, see refs [16–18], as expected in
dynamical ejecta of NS-black hole and very asymmetric
NS-NS mergers. We will now discuss the origin of the
robustness.
Thanks to the large neutron-to-seed ratio found in NS
merger conditions the r process runs through 1–4 fission
cycles, where trajectories with larger initial neutron-to-
seed ratio obviously support more cycles. This so-called
fission cycling has been suggested to be responsible of
producing r-process abundances that are almost inde-
pendent of the astrophysical conditions. Ref. [64] has
suggested that fission cycling contributes to produce a
steady β flow equilibrium in which the abundances for
each isotopic chain are proportional to the beta-decay
half-lives. Steady β flow equilibrium is in fact achieved
in NS merger before the r-process freeze-out as the dura-
tion of the r process is longer than the individual beta-
decay half-lives. Furthermore, it can be achieved both for
hot and cold r-process conditions [59]. The upper pan-
els of Fig. 2 show substantial differences in the r-process
abundances for the different trajectories that neverthe-
less converge to a robust abundance pattern at the end
of the calculations. This suggests that the mechanism
responsible for producing a robust r-process pattern op-
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FIG. 4. (Color online) R-process abundances of fast ejecta for different mass models at different phases of the evolution. The
upper panels show the abundances at times before the “last” fission cycle, when the average mass number 〈A〉 reaches the final
maximum. The middle panel at the time where the average timescales for beta-decay and neutron captures become identical.
The lower panel shows the abundances at 1 Gyr when most of the material has already decayed to the stability.
12
10-8
10-7
10-6
10-5
10-4
10-3
ab
un
da
nc
es
 a
t 1
 G
yr
FRDM
10-8
10-7
10-6
10-5
10-4
10-3
120 140 160 180 200 220 240
ab
un
da
nc
es
 a
t 1
 G
yr
mass number, A
HFB21
WS3
120 140 160 180 200 220 240
mass number, A
DZ31
FIG. 5. (Color online) Final r-process abundances at a time of 1 Gyr for the different mass models and all trajectories used
in the calculations. The grey (brown) curves correspond to the abundances of the trajectories of the slow (fast) ejecta shown
previously in the bottom panels of Fig. 2 and 4 but without the color gradient. The mass-averaged abundances for all trajectories
(red curves), the slow ejecta (green curves), and the fast ejecta (blue curves) are also shown. The abundances for the slow and
fast trajectories and their averages have been scaled by the value of their fractional contribution to the total ejecta.
erates after r-process freeze-out and it is independent of
the number of fission cycles.
We find that the main requirement to achieve a robust
r-process pattern is that the amount of material accumu-
lated at freeze-out in the fissioning region, A & 250 is
much larger than the one present in the region below the
3rd r-process peak. For the slow ejecta, this is guaran-
teed by the fact that the beta-decay half-lives grow with
increasing mass number and by the presence of a neutron
shell closure around N = 184. Both effects are responsi-
ble of producing a peak in the freeze-out r-process abun-
dances around A ∼ 280 (see upper panels Fig. 2). The
material in this peak decays by fission contributing to
the abundances around the 2nd r-process peak (see fig-
ure 3) and producing a final robust r-process pattern. For
the fast ejecta, the lack of material accumulated in the
A > 250 region, due to the much slower neutron capture
rates at later stage of the r-process, results in reduced
impact of fission yields on the final distributions and in a
much larger spread of the final abundance distributions.
However, these trajectories contribute only mildly to the
final mass-integrated abundances except for the region
around A = 200.
The general features of this pattern is also indepen-
dent of the mass models as it is mainly determined by
fission yields. This is demonstrated in Fig. 6 where we
compare the final mass-integrated abundances (at 1 Gyr)
for four different mass models (FRDM, WS3, HFB21,
DZ31). Although there are specific differences originat-
ing in the dependence of neutron captures on the underly-
ing mass model, all the calculations reproduce the second
and third r-process peaks reasonably well. We mention
again that the peaks have different origins in our simula-
tions: the peak around A ∼ 130 arises from fission yields,
while the peak at A ∼ 195 reflects the N = 126 waiting
points in the matter flow towards heavy nuclei. It is also
satisfying to observe that the lead peak around A ∼ 208
agrees reasonably well with the solar abundances. This
peak is mainly produced by α decay of heavier nuclei. Fi-
nally also the abundances of the long-lived isotopes 232Th
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FIG. 6. (Color online) Final mass-integrated abundances for
all trajectories at a time of 1 Gyr for all mass models consid-
ered in this work.
and 238U, which are the final product of some matter with
charge numbers Z ≈ 90 − 96, is reproduced reasonably
well.
In details, there are shortcomings of our various calcu-
lations when compared to the solar abundances. While
the height and the width of the A ∼ 130 peak are well
described by all models, the peak position - mainly due
to late-time neutron captures - is slightly shifted to larger
mass numbers than observed. The similarity of all mod-
els in the description of this peak is related to the fact
that we use the same fission yield distributions in all stud-
ies. Furthermore our description is noticeably improved
compared with those of Refs. [12–14] due to the different
fission barriers and yields used in the present work.
Goriely et al. [65] have recently presented a new fission
fragment distribution model that predicts substantially
different fission yields for r-process nuclei to those used in
the present work. Given the important role that fission
yields play in determining the r-process abundances, it
is rather important to further study the sensitivity of
the r-process abundances to the fission yields, including
the recently developed GEF model [66–68], and explore
experimental possibilities to constrain them. This goes
beyond the goals of the present work.
E. Implications for kilonova observations
One of the most interesting consequences of r-process
nucleosynthesis in neutron star mergers is that the large
amount of material ejected can produce an electromag-
netic transient powered by the radioactive decay of r-
process nuclei [12, 14, 56, 69–71]. This transient is
commonly denoted as kilonova and may have been re-
cently observed associated with the short γ-ray burst
GRB130603B [72, 73].
Modeling kilonova light curves requires the knowledge
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FIG. 7. (Color online) Mass- r-process abundances on
timescales of a day (upper panel), a week (middle panel) and a
month (lower panel) after the r-process event for the different
mass models considered in the present study.
of the r-process heating rates at timescales between hours
and weeks and identify those nuclei that predominantly
contribute to the heating rate. This aspect will be ex-
plored in further work. In addition, it is also important
to know the optical opacities for r-process material as
they determine the timescale for photons to escape from
the inner opaque region of the ejecta. It has been sug-
gested that a major source of opacity is due to the pres-
ence of lanthanides (Z = 57–71, A ≈ 139–176) [74–76] in
the r-process ejecta. Due to their large photon opacities
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the lanthanides delay the light curve luminosity peak to
timescales of a week. The peak frequency is also shifted
to the red. An additional source of opacity could be due
to the presence of actinides in the r-process ejecta. The
r process in NS mergers ejecta is known to produce the
actinides U and Th (see for example Fig. 6). However,
at timescales of weeks relevant to kilonova observations
the abundance of actinides (Z = 89–103, A ≈ 225–260)
can be much larger since many of the nuclei involved
have long decay half-lives. This is confirmed in Fig. 7
that shows the mass-integrated r-process abundances at
timescales of one day, one week and one month. As can
be seen from Fig. 2, we find a rather small dependence
of the actinide abundances on the astrophysical condi-
tions. There is a much larger dependence on the nuclear
physics input (see Figs. 2 and 7). This aspect requires
further exploration. However, our results already show a
strong correlation between the behavior of neutron sep-
aration energies around N ∼ 130 and the amount of ac-
tinides produced. Mass models that predict low neutron
separation energies tend to accumulate more material in
the third r-process peak and predict lower abundances
for actinides.
On top of the light curves due to the r-process heat-
ing, neutrons that survived after the r process in the
fast ejecta will decay and may provide another electro-
magnetic probe for the neutron star mergers that peaks
hours after merger [37]. One important quantity in de-
termining the luminosity and the frequency peak of this
neutron-decay powered light curves is the amount of free
neutrons after the r process. We find in our calculations
that this amount is rather sensitive to the nuclear mass
model adopted. For the four different mass models we
have explored, the total mass of free neutrons at ∼ 20
second post-merger is a sizable fraction of the total mass
of the fast ejecta and amounts to 5.39×10−5, 4.42×10−5,
2.86×10−5, and 2.68×10−5 M for the FRDM, HFB21,
WS3, and DZ31 mass model, respectively. This sensitiv-
ity of the mass model is due to the same reason discussed
above that the low neutron separation energies predicted
by FRDM and HFB21 give rise to the smaller neutron
capture rates around the third peak such that there are
free neutrons left at the end of the r process, when com-
pared to the WS3 and DZ31 mass model. Moreover,
we note that the opacity due to the r-process nuclei for
the fast ejecta may be somewhat different from the slow
ejecta which in turn may also affect the detailed modeling
of the kilonova light curves.
IV. CONCLUSIONS
In summary, we have performed r-process simulations
for matter ejected in neutron star merger calculations.
Due to the extreme neutron-to-seed ratios achieved,
which favor mass transport to the region of fissioning
nuclei, fission rates and yields are crucial ingredients in
such calculations. Adopting these quantities from the
ABLA code which has been adjusted to reproduce fission
and fragmentation data and treats the release of neutrons
during the fission process explicitly, we have been able to
reproduce the main features of the r-process abundances
(the second and third peaks, the rare-earth peak and the
lead peak) reasonably well. Importantly, we found that
these features do not depend sensitively on the astro-
physical conditions for the majority of the ejecta (but see
Ref. [16–18] for a possible increase of the initial electron
fraction which may have an impact on the abundance
patterns). We have also shown that these features do not
depend in general on the nuclear mass model used. We
noticed, however, modest differences in the position of
the third peak and in abundance distribution just above
this peak around A ∼ 205. Here the FRDM and HFB21
mass models predict noticeably smaller neutron separa-
tion energies for r-process nuclei with N = 130 than the
other mass models used in our studies. These small sep-
aration energies make the N = 130 nuclei obstacles in
the r-process path resulting in the peak shift and a pro-
nounced abundance trough at A ∼ 205, if compared to
the solar r-process abundances. Experimental work is
needed to resolve these different mass predictions for the
N = 130 nuclei.
Our simulations support the hypothesis that the r pro-
cess in dynamical ejecta from neutron star mergers yield
rather robust abundance distribution (provided Ye of the
ejecta is sufficiently low) in good agreement with the ob-
served solar distribution for nuclei with A & 120. We
have shown that a requirement to achieve such a robust
pattern is that at freeze-out the amount of material ac-
cumulated in the fissioning region (A & 250) is much
larger than the material located in the second r-process
peak and above (A ≈ 120–180). To achieve these astro-
physical conditions, a sufficiently large neutron-to-seed
ratio is required, which, together with the fact that beta-
decay half-lives along the r-process path grow with in-
creasing mass number, guarantees the pile up of material
in the fissioning region. The decay of this material by
fission produces a robust r-process pattern in the region
A ≈ 120-180 that, however, depends on the used fission
yields (see ref. [77]). This pattern is slightly modified
by neutron captures during the decay back to stability,
which also introduces a small dependence of the abun-
dance patterns on the astrophysical conditions. In this
scenario, larger neutron-to-seed ratios only increase the
amount of fission cycles without modifying the final r-
process abundance distribution. These, however, might
be sensitive to the detailed shell structure in the mass re-
gion of fissioning nuclei and, in particular, to the strength
of the N = 184 shell closure.
Finally, in our simulation, ∼ 10% of the ejecta ex-
pand so fast that the resulting r-process operates at much
lower neutron number densities. Consequently, the nu-
cleosynthesis path is closer to stability with significantly
less amount of fissioning nuclei present at the time of
freeze-out. Hence, the fission yields do not contribute
much to the final abundances at the second r-process
15
peak and the second and third r-process peaks shift to
larger mass numbers. Furthermore, there exists a large
variation in the final abundances between different tra-
jectories, in clear contrast to the slow ejecta. In addition,
a significant amount of neutrons is left at the end of the
r process. This amount, however, depends sensitively on
the nuclear mass model input.
The observation of electromagnetic signals of the r pro-
cess is an intriguing possibility. In this context our sim-
ulations imply that for most of the mass models used
the amount of actinides present at timescales of several
weeks is similar or larger than that of lanthanides. Con-
sequently, actinides may dominate the photon opacities
for kilonova light curves. The differences in abundance
pattern and, also, the amount of free neutrons present at
the end of the r process for fast ejecta might be relevant
for detailed modelling of these light curves.
Current constraints on the NS merger rate are compat-
ible with NS-NS and/or NS-black hole mergers being the
dominant source of r-process elements in our galaxy [78].
It is not excluded that the NS merger scenario is respon-
sible also for the solar-like r-process patterns observed
in old, metal-poor stars. This requires, however, that
the frequency of neutron star mergers is sufficiently large
during the early evolution of the Milky Way, which is a
topic currently being explored in the context of dynami-
cal galactic chemical evolution models [79, 80].
Further extensions of the present work, need to address
the impact of variations of fission rates and beta-decay
rates. In this study, we have limited the variation of nu-
clear masses to nuclei with Z < 83 as for heavier nuclei
fission rates have not been computed consistently with
the mass models used. Given the fundamental role played
by fission in dynamical ejecta of neutron star mergers,
it is very important to consistently determine both nu-
clear masses and fission relevant quantities. These in-
clude both fission barriers and collective inertial masses.
Recent global calculations [81–83] have mainly focussed
on the description of fission barriers neglecting the impor-
tant role of collective masses that are normally described
using a simple phenomenological prescription [84] in r-
process applications. Furthermore, it is important to ad-
dress the impact of dynamical versus static descriptions
of fission observables [85, 86]
Beta-decay half-lives have not been consistently com-
puted with the mass models explored in this work. Ide-
ally, one should use the same model applied for the calcu-
lation of nuclear masses to determine the Gamow-Teller
and first-forbidden strengths that determine the beta-
decay half-lives of r-process nuclei. Consistency between
the calculations of masses and beta-decay half-lives can
in principle be achieved in mean-field approaches by per-
forming quasiparticle random phase approximation cal-
culations where the residual interaction is derived from
the same density functional used for the calculation of
nuclear masses [58, 87]. However, this approach does not
uniquely determines the computed beta-decay half-lives
as they are quite sensitive to the choice of proton-neutron
T = 0 pairing [87, 88] while this interaction channel
barely affects the masses of neutron-rich r-process nuclei.
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